The anterior commissure (AC) and substantia innominata (SI) can be clearly demonstrated at 3T high-resolution MR imaging. Our aim was to investigate if atrophy of the AC and SI on 3T MR imaging differs among patients with frontotemporal lobar degeneration (FTLD) and Alzheimer dementia (AD) and healthy subjects.
F
rontotemporal lobar degeneration (FTLD) is the second most common cortical dementia, which is often confused with the more common condition of Alzheimer disease (AD). The characteristic clinical features of FTLD are behavioral and language dysfunction. FTLD was categorized into 3 prototypical syndromes: frontotemporal dementia, progressive nonfluent aphasia, and semantic dementia. 1 In FTLD, cortical atrophy involves the frontal cortex and anterior parts of the temporal cortex and is found in some patients asymmetrically. 1 The differential diagnosis for FTLD and AD has a potential impact for treatment and prognosis. [2] [3] [4] Currently available drugs such as the acetylcholinesterase (AchE) inhibitor for treating AD are often ineffective for the treatment of FTLD. 5 Furthermore, FTLD often shares clinical features with AD, whereas AD is often associated with FTLD clinical syndromes. 6, 7 In previous studies, [8] [9] [10] atrophy of the substantia innominata (SI), most of which is the basal nucleus of Meynert, was demonstrated in AD as well as in FTLD. The SI has a central role in the cholinergic pathway, which is implicated in the therapeutic effect of the AchE inhibitors for AD. Thereby, we speculated that the ineffectiveness of the AchE inhibitor for FTLD might indicate less involvement of the SI in FTLD than in AD. The anterior commissure (AC), according to previous primate studies, [11] [12] [13] [14] interconnects the right and left orbitofrontal cortices and temporal cortices. However, the medial temporal cortex, including the hippocampi, does not have direct interconnecting fibers through the AC. 15 Although atrophy of the AC has been reported in Down syndrome, 16 pediatric traumatic injury, 17 and aging in the rhesus monkey, 18 there have been no reports on its relationship with a neurodegenerative disease such as AD or other primary degenerative dementias.
Thus, we hypothesized that the neuronal loss in FTLD would result in more prominent AC atrophy than the neuronal loss in AD and that the SI thickness is more affected in AD than in FTLD. The purpose of this prospective study was to investigate if the thickness of the AC and SI, evaluated by using 3T MR imaging, differs among patients with FTLD and AD and normal subjects.
Methods

Subjects
From January 2006 to July 2007, seven consecutive patients with FTLD, 20 consecutive patients with AD, and 16 healthy control sub-jects were enrolled in the prospective study ( Table 1 ). The patients with FTLD and AD were recruited from the dementia center of our hospital. All patients were diagnosed on the basis of information obtained from an extensive clinical history and physical examination. FTLD was diagnosed according to the consensus criteria established by Neary et al. 1 Patients with FTLD who had motor neuron diseaserelated symptoms were excluded from this study. Of the 7 patients with FTLD, there were 4 patients with frontotemporal dementia variant, 1 patient with semantic dementia, and 2 patients with progressive nonfluent aphasia. Patients with AD were diagnosed according to the criteria of the National Institute of Neurologic and Communicative Disorders and Stroke-Alzheimer Disease and Related Disorders Association.
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Sixteen age-matched control subjects were selected from a consecutive series of patients referred for the same MR imaging protocol as patients with FTLD and AD, as part of a medical checkup between January 2006 and July 2007. The following criteria were used for inclusion in the study: no clinical evidence of neuropsychiatric disorders and no apparent abnormal findings on MR imaging. A neuroradiologist reviewed the MR images. We excluded patients with a history of neurologic disease, malignancy, stroke, or brain surgery. Indications for MR imaging included headache (n ϭ 6) and dizziness or vertigo (n ϭ 10).
All subjects undertook a standard battery of neuropsychological tests, including assessment of global cognitive impairment using the Mini-Mental State Examination (MMSE) 20 score and of global functional impairment using the Clinical Dementia Rating (CDR) scale. 21 The MR imaging data for the patients were visually inspected by a neuroradiologist to rule out any major neuropathology other than neurodegeneration, such as a tumor, stroke, and severe white matter disease. All participants and their guardians provided written informed consent for participation in the study, which was approved by the institutional review board. To measure the SI thickness as well as the AC thickness, we obtained additional coronal thin-section high-resolution T2-weighted sequences with the following parameters: TR/TE, 3000/125.4 ms; matrix, 512 ϫ 512; FOV, 198 ϫ 220 mm; and section thickness, 2 mm with no gap. Coronal images were perpendicular to the AC-posterior commissure line and were obtained carefully to include sections through the AC clearly by using T1-weighted SPGR images as scout images.
MR Imaging Protocol
Image Analysis
Two experienced neuroradiologists with 8 years' experience each in evaluating neuroimaging reviewed all MR images independently. The reviewers were blinded to the diagnoses of the patients. To assess the intraobserver reliability, the 2 neuroradiologists made a second evaluation 2 weeks after the first evaluation (with images in a different order). The mean of 4 measurements (2 measurements determined by each observer) was used as the final measured value for each case. Measurement of the AC area, AC thickness, and SI thickness was performed on a PACS workstation.
The AC area was measured on a midsagittal section of sagittal T1-weighted inversion-recovery images. The border of the AC was outlined manually with a trackball to calculate the cross-sectional area ( Fig 1A) . The AC and the SI thicknesses were measured on coronal thin-section high-resolution T2-weighted images ( Fig 1B) . The AC thickness was measured as the distance between the superior and inferior border at the coronal plane that intersected the midportion of the AC (Fig 1) . The SI thickness was measured on the same coronal plane as the AC thickness. The upper margin of the SI was defined as the lower end of the hypointensity of the ventral pallidum, whereas the lower margin was defined as the surface of the anterior perforated substance. The SI thickness was measured at the narrowest portion of the middle third as described by Hanyu et al. 
Statistical Analysis
Statistical analysis was performed by using the Statistical Package for the Social Sciences (Version 12.0 for Windows; SSPS, Chicago, Ill). The level of significance was defined at P Ͻ .05. To compare the clinical features between FTLD and AD, we used the Mann-Whitney U test for continuous variables. The Kruskal-Wallis test was used to evaluate differences in the AC area, the AC thickness, and the SI thickness among all groups, followed by a post hoc comparison.
The correlation between the clinical score (MMSE) and MR imaging measurements was assessed with the Spearman correlation coefficient. The interobserver and intraobserver reliability between the 2 reviewers and the difference between right and left SI thickness for the same reviewer were also assessed with the Spearman correlation coefficient.
Results
The AC area ranged from 2.62 to 8 Table 2 ). The AC thickness ranged from 1.72 to 2.81 mm (mean, 2.23 Ϯ 0.42 mm) in the patients with FTLD, from 2.15 to 3.96 mm (mean, 2.97 Ϯ 0.50 mm) in the patients with AD, and from 3.01 to 4.30 mm (mean, 3.67 Ϯ 0.48 mm) in the control subjects ( Table 2 ). The mean AC area and the AC thickness were significantly lower in the patients with FTLD than in the patients with AD and in control subjects (P Ͻ .001) (Figs 2 and 3) . Although there was some overlap, the AC area and AC thickness in the patients with AD were significantly lower than those of the control subjects (P Ͻ .01). None of the measured AC areas and AC thicknesses in the patients with FTLD surpassed the lowest AC thickness for the control subjects (Figs 3 and 4) . Regarding the subtypes of FTLD, the mean AC area and AC thickness were 5.50 mm 2 (range, 2.6 -8.68 mm 2 ) and 2.24 mm (range, 1.72-2.46 mm) in the patients with frontotemporal dementia variant (n ϭ 4), 4.84 mm 2 and 1.72 mm in the patient with semantic dementia (n ϭ 1), and 5.65 mm 2 and 2.48 mm in the patients with progressive nonfluent aphasia (n ϭ 2).
In contrast, the average thicknesses of the bilateral SI and the left SI thickness were not significantly different among the 3 groups. Nevertheless, the SI thickness in the patients with AD tended to be lower than that in patients with FTLD and in control subjects (Fig 5) . Concerning the right SI thickness, there was a significant difference between the patients with AD and the control subjects (P Ͻ .05).
A strong positive correlation was found between the AC area and the MMSE score ( ϭ 0.659, P Ͻ .001) and between the AC thickness and the MMSE score ( ϭ 0.612, P Ͻ .001) in patients and control subjects. In contrast, a weak correlation between the SI thickness and the MMSE score was observed ( ϭ 0.325, P Ͻ .05).
The right and left SI thicknesses showed no significant difference in all groups considered. The intraobserver reliability of the AC area and the AC thickness was 0.90 and 0.95 for the first reader and 0.85 and 0.91 for the second reader. The intraobserver reliability of the right SI thickness was 0.89 for the first reader and 0.87 for the second reader. The interobserver reliability of the measurement procedure was 0.88 for the AC area, 0.92 for the AC thickness, 0.87 for the right SI thickness, and 0.85 for the left SI thickness. The correlation coefficient between the values recorded for the left and right SI thickness was 0.739 for the first reader and 0.743 for the second reader.
Discussion
In this study, we report results of the measurement of atrophy of specific white matter and gray matter structures that represent the pathology of FTLD and AD. We found that AC atrophy was most prominent in the patients with FTLD, even though some of the patients with AD showed mild-to-moderate atrophy of the AC compared with the control subjects.
According to previous human and primate studies, the AC provides the interhemispheric connection for the entire neocortex of the temporal lobe, parts of the orbitofrontal cortex, the prepiriform cortex, and the amygdala. [12] [13] [14] 18 The anterior one third of the temporal cortex (temporal pole, superior and inferior temporal gyri, and parahippocampal gyrus) composes the largest connection of the AC. 15, 18 In humans, even the occipital cortex was reported to connect through the AC. 15 In contrast to the corpus callosum, the AC has not been a subject of research interest for dementia by neuropathologic and neuroimaging studies until recently. There have been only a few reports describing AC atrophy in certain diseases or in control subjects. [15] [16] [17] [18] 22 Sylvester 16 reported that the cross-sectional area of the AC on the sagittal section of the brain from an autopsy was significantly smaller in patients with Down syndrome than in control subjects. Although these investigators suggested AC thinning as a result of congenital malformation, it is more likely to be a result of regional brain atrophy and resultant white matter degeneration, considering the fact that 77% of patients with Down syndrome had a histopathology of AD in the study. In a study of aging Rhesus monkeys, the AC showed a gradual volume loss with aging. 18 Furthermore, there was a significant relationship between cognitive performance and the number of nerve fibers in the AC. A reduction in the density of fibers in the AC has been reported in patients with schizophrenia. 22 The pathologic study revealed no sex-specific difference in the cross-sectional area in the AC, but there was a sex-specific difference in the fiber attenuations. 22 FTLD has been characterized by cortical atrophy of the frontal and temporal lobe. 23, 24 A previous pathologic study showed that FTLD is associated with the orbital and medial frontal cortex in the early stage. 25 Prominent AC atrophy in FTLD demonstrated in our study corroborates these previous pathologic and neuroimaging studies for FTLD because the AC conveys the axons interconnecting the orbitofrontal cortex as well as the anterior one third of the temporal cortex. We could not evaluate statistically the difference in the AC thickness or the AC area in patients with the 3 subtypes of FTLD due to the small number of subjects. However, we found that patients with semantic dementia showed the smallest AC thickness compared with patients with the other types of FTLD. We speculate that this may be due to prominent involvement of semantic dementia with the anterior temporal lobe, where nerve fibers project to and from the major part of the AC. 26 Due to the small size of this study, diagnostic accuracy could not be determined. In this study, an AC thickness of Յ2 mm and an AC area of Յ5.5 mm 2 were only observed in pa- tients with FTLD. Therefore, the AC thickness and the AC area might be used as biomarkers for diagnosing and distinguishing patients with FTLD from patients with AD and from control subjects.
We also sought to evaluate and compare the SI thickness in patients with FTLD, patients with AD, and control subjects and found that the SI in patients with AD was more severely involved, though there was some overlap between the 3 groups. Neuronal loss of the nucleus basalis of Meynert (a major part of the SI) is observed in AD and other diseases pathologically as well as radiologically. [8] [9] [10] Because the SI contains mainly the nucleus basalis of Meynert, atrophy of the SI structure is probably due to a loss of neurons in the nucleus basalis of Meynert and a reduction in the number of neuropils. 8, 9 Neuronal loss of the nucleus basalis of Meynert is regarded as a causative lesion of diffuse loss of AchE activity in the cerebral cortex. 8, 9 In a previous study, FTLD and other types of dementia as well as AD showed prominent SI atrophy. 9 However, we did not find a statistical difference in SI atrophy between patients with FTLD and patients with AD and between patients with FTLD and control subjects. On the basis of the known ineffectiveness of the AchE inhibitors for FTLD, 5 we hypothesized that SI atrophy would not be as prominent in FTLD as in AD. An insignificant difference of SI atrophy between FTLD and control subjects in our study supports this hypothesis and provides an explanation for the different response to AchE inhibitors for FTLD and AD.
Conversely, the trend for SI atrophy demonstrated for the patients with AD is consistent with findings of previous reports. 8, 9 Unlike in previous reports, we demonstrated that only right SI atrophy (and not left SI atrophy) was significantly different between AD and control subjects and that the range of SI atrophy was broader than that of patients with FTLD and control subjects. This finding may be mostly due to the small number of patients in this study. The higher variability of SI atrophy in AD suggests the existence of 2 or more subtypes within the disease category that might be related to the different response to AchE inhibitors.
Regarding to relationship with clinical scoring, both the AC thickness/area and SI thickness showed a significant correlation with the MMSE score, and the AC thickness/area revealed a stronger correlation with the MMSE score. The findings for the SI thickness in relation to the MMSE score are consistent with a previous study. 8 A stronger correlation of the AC thickness/area with the MMSE score suggests that a serial measurement of the AC thickness/area can predict the clinical status more precisely.
Both AC and SI are relatively small structures in the basal forebrain for precise measurement. High-resolution images with higher signal intensity-to-noise ratios at 3T can provide an accurate measurement of such a small structure. High intrarater and inter-rater agreement for the MR imaging measurements supports their use as helpful imaging markers for the evaluation of FTLD and AD.
This study has some limitations and methodologic issues. First, the study included a small number of patients, which might cause a lower statistical power. Second, the assignment of the diagnosis was based not on a pathologic specimen but on the clinical criteria, which is the current gold standard. Therefore, we could not exclude the possibility of an incomplete distinction between AD and FTLD by the clinical criteria alone. A further study on a larger scale would be necessary to support our preliminary results. Third, we did not measure an area or volume measurement of the structure of interest on thin-section high-resolution images. Although the AC crosssectional area was measured on sagittal T1-weighted images, it would be prone to partial volume effects due to relatively thick sections. An area or volume measurement may be more sensitive than a thickness measurement in the evaluation of such a small anatomic structure. Finally, there is still the issue of pixel resolution for measurement of these small structures. Even though we obtained the imaging data with high-resolution (a pixel size of 0.43 mm) and a high signal intensity-tonoise ratio by using 3T MR imaging, the current limitation of in-plane resolution might lead to some overlaps between the 2 groups of patients with dementia and a failure to detect subtle changes.
In conclusion, our findings indicate that 3T MR imaging can depict clearly AC atrophy that occurs in patients with FTLD and AD and suggest that measurement of the AC thickness may be helpful in distinguishing FTLD from AD. In contrast, measurement of SI atrophy does not provide an additional benefit in the evaluation of FTLD and AD, owing to a considerable overlap in the average thickness of bilateral SI. 
